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IDENTIFICATION OF UNCOMMON NON-CRYSTALLINE SOLIDS 
AS "REAL" GLASSES 
I), R, Secrist and J. D. Mackenzie 
ABSTRACT 
Non-crystalline sol ids  can be prepared by many methods. 
For ins tance ,  besides t h e  conventional cooling of a mel t ,  
condensation of the  vapor or chemical deposi t ion from solu- 
t i o n  a t  room temperature can a l s o  y i e l d  non-crystal l ine s o l i d s .  
I n  t h e  former case,  t h e  r e s u l t i n g  product i s  commonly r e fe r r ed  
t o  a s  a "g lass" ,  
To a s c e r t a i n  whether non-crystall ine s o l i d s  formed by 
some of t he  uncommon techniques a r e  s i m i l a r  t o  the  "g lass"  
obtained by cool ing t h e  melt ,  an examination was made of t h e  
ava i l ab le  p e r t i n e n t  physical  p rope r t i e s  of amorphous s i l i c a ,  
alumina, magnesium f luo r ide ,  and a gold-s i l icon a l loy .  From 
a considerat ion of r e f r a c t i v e  index, dens i ty ,  infra-red ab- 
so rp t ion  and/or c r y s t a l l i z a t i o n  k i n e t i c s ,  it is  concluded 
t h a t  these  ma te r i a l s  can be c l a s s i f i e d  a s  " r ea l "  g lasses .  
I n  some systems, it is  shown t h a t  gross ly  d i f f e r e n t  techniques 
y i e l d  e s s e n t i a l l y  the  same non-crystal l ine s o l i d .  
4 
Introduct ion 
Glass is genera l ly  made by t h e  fusion together  of 
s eve ra l  oxides followed by cont ro l led  s o l i d i f i c a t i o n .  AS 
a r e s u l t  of t h i s  widespread p r a c t i c e  f o r  t h e  preparat ion of 
g l a s s ,  t he  American Society f o r  the  Testing of Mater ia l s  has 
adopted the  following de f in i t i on :  1 I1 Glass is  an inorganic 
product of fusion which has cooled t o  a r i g i d  condi t ion 
without c r y s t a l l i z i n g . "  A c m o n  g l a s s  i s  thus a r i g i d  non- 
c r y s t a l l i n e  s o l i d .  A non-crystall ine s o l i d ,  however, can 
a l s o  be prepared by many other methods: f o r  ins tance ,  vapor 
deposi t ion.  It has been suggested t h a t  some such non- 
c r y s t a l l i n e  s o l i d s  cannot be considered a s  " r ea l "  g lasses .  
This suggestion is of course v a l i d  a s  long a s  t h e  above ASTM 
d e f i n i t i o n  i s  adhered to .  A more l o g i c a l  considerat ion a s  
t o  whether a vapor-formed non-crystal l ine s o l i d  is  a ' ' real" 
2,3 
g l a s s  is  t o  c m p a r e  i t s  s t ruc tu re  and physical  p rope r t i e s  
with those of the  corresponding fusion-formed product. 
One known example i n  which a d i r e c t  comparison of t h e  
phys ica l  p r o p e r t i e s  of two forms of non-crystal l ine s o l i d s  
has been made i s  e t h y l  alcohol. Jones reported t h a t  t h e  
4 
g l a s s  t r a n s i t i o n  temperature, T and t h e  s p e c i f i c  hea t s  a t  g' 
. 
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temperatures both b e l o w  and above T a r e  i d e n t i c a l  f o r  two 
samples of non-crystal l ine e t h y l  alcohol prepared respec t ive ly  
by vapor deposi t ion and m e l t  quenching. For inorganic systems, 
s i l i c a  i s  one of the  few examples i n  which non-crystall ine 
phases have been prepared by var ious techniques. For many 
o the r  non-crystal l ine so l id s ,  however, c r y s t a l l i z a t i o n  in- 
var iab ly  occurs when t h e  melt i s  quenched. A d i rect  comparison 
of t he  p rope r t i e s  of these ma te r i a l s  w i t h  those of the ' ' real" 
g l a s s  i s  therefore  not  possible .  I n  t h i s  paper,  i n d i r e c t  
methods of cha rac t e r i za t ion  a r e  described. 
Same examples of non-crystal l ine sol ids  and t h e i r  methods 
9 
of prepara t ion  t o  be discussed a r e  shown i n  Table I. 
these  substances a r e  non-crystall ine by e i t h e r  X-ray o r  
e l ec t ron  d i f f r a c t i o n  analysis .  
a l l o y  can be prepared i n  t h e  form of a t h i n  f i lm  by the rap id  
quenching ( " s p l a t  cooling") of a d rop le t  a t  l i q u i d  ni t rogen 
temperature. Duwez has reported t h a t  such an a l l o y  c r y s t a l -  
l i z e d  a f t e r  a 24 hour period a t  room temperature. 
e t  a l .  have prepared amorphous alumina by an e l e c t r o n  bombard- 
ment technique. 
A l l  of 
An amorphous gold-s i l icon 
5 
Kingery 
6 
Condensation of t h e  r e s u l t a n t  vapors on a 
roan temperature subs t r a t e  produced a t h i n  f i lm  which was 
s t a b l e  t o  900°C when c r y s t a l l i z a t i o n  occurred. A s i m i l a r  
. 
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r e s u l t  was reported with magnesium f l u o r i d e  which c r y s t a l l i z e d  
a f t e r  30 minutes a t  300°C. 
which w e  w i l l  attempt t o  charac te r ize  i n  t h i s  paper. 
These s o l i d s  typ i fy  the  systems 
Non-Crystalline S i l i c a  
Before proceeding t o  the  unusual non-crystal l ine systems 
of Table I ,  t h e  common oxide, s i l i c a ,  w i l l  be considered. I n  
Table 11, the  index of r e f r a c t i o n  and dens i ty  of var ious 
samples of non-crystal l ine s i l i c a  a s  prepared by e i g h t  d i f f e r -  
en t  methods a r e  l i s t e d .  I n  most cases ,  t he  index of r e f r a c t i o n  
l and dens i ty  values a r e  i d e n t i c a l  t o  t h r e e  s i g n i f i c a n t  f igures .  
(The d e n s i t i e s  a r e  within 0.1% of one another) .  The r e f r a c t i v e  
index of samples 1, 2 ,  and 8 a r e  a c t u a l l y  i d e n t i c a l  t o  the  
t h i r d  decimal place.  I n  addi t ion,  Simon has reported t h a t  
19  
t h e  X-ray d i f f r a c t i o n  pa t t e rns  and inf ra - red  absorption curves 
of non-crystal l ine s i l i ca  formed by the  conventional cooling I 
of a m e l t  and by neutron i r r a d i a t i o n  a r e  s imi l a r .  I f  the  non- 
c r y s t a l l i n e  form of s i l i c a  prepared by t h e  conventional cooling 
, 
I 
of a m e l t  is  now designated "g lass" ,  then it s e e m s  l o g i c a l  t o  ~ 
apply t h i s  term t o  the  other  forms of non-crystal l ine s i l i c a  I 
a s  w e l l .  
I t  i s  i n t e r e s t i n g  t o  note the  many p o s s i b i l i t i e s  by which 
, 
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Si04 te t rahedra  can be packed toge ther ,  Table 111. I t  i s  
known t h a t  t he  Si-0 bond lengths and Si-0-Si angles a r e  
20 
s i m i l a r  i n  the  var ious forms of s i l i c a .  The unoccupied 
volumes l i s t e d  a re  based on a 100% sphe r i ca l  packing dens i ty  
; as defined by 
100 
of oxygen i m s ;  
- where MSiO - 
2 
vo= = 
0.74 = 
molecular weight of Si02 
2 molar volume of oxygen ions i n  Si0 
the  densest  packing of spheres 
The ca l cu la t ed  value of from equation (1) is  
3.22 gms/cm;’. 
allowing s o l i d i f i c a t i o n  t o  occur under l a r g e  hydros ta t ic  
pressure  (equilibrium glass )  o r  by non-hydrostatic compression 
of a r i g i d  g l a s s  a t  low temperatures (non-equilibrium g l a s s ) .  
The void volume v a r i e s  from approximately 9.36 f o r  c o e s i t e  t o  
about 31% f o r  s i l i c a  g l a s s  formed by fusion.  
a s i n g l e  Si-0-Si angle many packing arrangements a r e  ava i l ab le  
by the  simple v a r i a t i o n  of the  mutual o r i e n t a t i o n  of Si04 
t e t r ahedra ,  one would expect t h e  modifications of non-crystal- 
l i n e  s i l i c a  l i s t e d  i n  Table I1 t o  assume d i f f e r e n t  values  of 
d e n s i t i e s .  However, they a re  t h e  same. The s i m i l a r i t y  between 
The densif ied g l a s ses  w e r e  prepared by e i t h e r  
Since even with 
-4 
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t h e  r e f r a c t i v e  ind ices  and d e n s i t i e s  of these  samples may be 
p a r t i a l l y  due t o  t h e  small va r i a t ion  of volume with tempera- 
t u r e ,  
short-range s i m i l a r i t y  is demonstrated by t h e  infra-red ab- 
so rp t ion  spec t r a ,  Figure 1. 
S t r u c t u r a l  evidence f o r  a 'v/dT, of v i t r eous  s i 0  2' 
The p o s i t i o n  and i n t e n s i t y  of t he  9.2 and 12.5 micron 
Si-0 absorpt ions a r e  s imi la r .  I n  scan (B), the  absorption 
a t  7 .1  microns i s  due t o  t h e  incomplete hydrolysis  of t e t r a -  
e t h y l  s i l i c a t e .  A water band is  v i s i b l e  a t  6.2 microns. 
Uncommon Non-Crystalline So l ids  and t h e  Glassy S t a t e  
I n  order  f o r  a mater ia l  t o  be i d e n t i f i e d  a s  a g l a s s ,  it 
must, of course,  be both non-crystal l ine and r i g i d .  Although 
a l l  of t he  uncommon s o l i d s  discussed i n  t h i s  paper s a t i s f y  
these  c r i t e r i a ,  a more convincing desc r ip t ion  can be made by 
comparing t h e i r  general  c h a r a c t e r i s t i c s  with those of the  
amorphous product formed by t h e  cool ing of a m e l t .  I t  would be 
i d e a l  i f  f i lms  of such uncommon ma te r i a l s  had been seen t o  flow 
o r  t o  form a d rop le t  on heating. 
of such f i lms  a r e  usual ly  restricted by t h e  adherance t o  a 
s u b s t r a t e ,  even if the  film i s  of low v i scos i ty .  I n  most 
ca ses  only l imi t ed  data  a re  ava i l ab le  f o r  the  uncommon non- 
However, the  f low p rope r t i e s  
~ 
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c r y s t a l l i n e  systems, making t h e  choice of parameters which 
adequately cha rac t e r i ze  g lass  a d i f f i c u l t  t a sk ,  I n  general ,  
(1) The index of r e f r a c t i o n  and densi ty  of a g l a s s  
a r e  less than t h a t  of t h e  corresponding c r y s t a l -  
l i n e  modification, 
(2) Flow p rope r t i e s  are  important. 
Alumina has  not  been prepared i n  the  glassy s t a t e  by 
supercooling a m e l t .  However, amorphous alumina can be formed 
by anodization, condensation of the vapor phase, o r  deposi t ion 
from organic so lu t ions ,  Table I V .  The index of r e f r a c t i o n  and 
dens i ty  values of these  mater ia l s  a r e  s imi l a r ,  and y e t  markedly 
d i f f e r e n t  from t h e  c r y s t a l l i n e  values l i s t e d .  These da ta  a r e  
compatible w i t h  the  observed r e s u l t s ,  t h a t  the index of re- 
f r a c t i o n  and densi ty  of a g lass  a r e  genera l ly  lower than t h a t  
of t he  c r y s t a l l i n e  modification. I n  a l l  cases  the  alumina was 
deposi ted i n  the form of a t h i n  f i lm.  Flow p rope r t i e s  w e r e  no t  
reported.  
For many undercooled systems, t he  growth r a t e  can be 
23 
described i n  terms of t h e  rec iproca l  v i scos i ty  a s  
3 Tfm A 'q N 
where# = r a t e  of growth (cm/sec) 
T = undercooled temperature (OK) 7 = v i s c o s i t y  (poises)  
~ 
I 
-7- i 
. 
h = mean jump d i s t ance  (cm) 
N = Avogadro's number 
= l a t e n t  heat  of fusion A Hf 
Equation (2) can be wr i t ten  as :  
/i = K A T  
ri 
w h e r e  K = a constant  = A H f  
3 T f W A 2  N 
I f  t h i s  r e l a t i o n s h i p  is v a l i d  f o r  a system, then an 
approximate es t imat ion  of the v i s c o s i t y  a t  the c r y s t a l l i z a -  
t i o n  temperature can be made i f  t h e  r a t e  of growth ( c rys t a l -  
l i z a t i o d i s  known. 
6 
Kingery has  reported t h a t  amorphous A1203 
c r y s t a l l i z e s  a f t e r  30 minutes a t  900OC. Simi lar ly ,  amorphous 
5 
MgF2 " d e v i t r i f i e s "  a f t e r  30 minutes a t  3OOOC. Duwez has  ob- 
served t h a t  an amorphous 75 a/o Au - 25 a/o S i  a l l o y  c r y s t a l -  
l i z e d  a f t e r  24 hours a t  room temperature, An approximate r a t e  
of c r y s t a l l i z a t i o n  can be ca lcu la ted  f o r  these ma te r i a l s  i f  we 
assume t h a t  i n  a l l  cases  t h e  p a r t i c l e s  grew from some a r b i t r a r y  
value,  f o r  example 10 A t o  110 A, before  c r y s t a l l i n i t y  was 
0 0 
detected. The "jump dis tance",  A , is  taken as approximately 
2 
The gold-s i l icon system forms a e u t e c t i c  a t  31 a/o s i l i c o n  
24 
u n i t s .  For A l 2 O 3 ,  the heat  of fusion i s  N 26 kcal/mole 
and a temperature of 370OC. The hea t  of fusion i s  approximately 
-8- 
5 kcal/mole f o r  t h e  75 
can be considered idea l .  
gold composition i f  t he  mixture 
The ca l cu la t ed  v i s c o s i t i e s  f o r  these ma te r i a l s  below 
t h e i r  melting po in t s ,  based on the  foregoing da ta ,  a r e  shown 
i n  Table V a t  t h e i r  respect ive c r y s t a l l i z a t i o n  temperatures. 
The range of v i s c o s i t i e s  indicated by the  ca l cu la t ion  would 
c l a s s i f y  t h e  ma te r i a l s  a s  highly viscous supercooled l i q u i d s  
s ince  the  v i s c o s i t y  values  a r e  s l i g h t l y  below - 10 14 
poises .  Since v i s c o s i t y  i s  approximately an exponential  
func t ion  of temperature, i t  i s  reasonable t o  conclude t h a t  
a t  some s l i g h t l y  lower temperature than t h e  above observed 
c r y s t a l l i z a t i o n  temperatures, the  v i s c o s i t i e s  of these  ma te r i a l s  
a r e  c h a r a c t e r i s t i c  of s o l i d  g l a s ses ,  d3 - 1014 poises .  The 
ca l cu la t ed  v i s c o s i t i e s  a r e  not  unreasonable s i n c e  f i lms  with 
8 v i s c o s i t i e s  g r e a t e r  than -10 poises  w i l l  support  t h e i r  own 
weight. Another method of a sce r t a in ing  t h e  cor rec tness  of 
t h e  v i s c o s i t y  values  i n  Table V is  from the  evaluat ion of t h e  
a c t i v a t i o n  energy f o r  viscous flow. 
* 
The a c t i v a t i o n  energy f o r  viscous flaw, Hq , can be 
considered a s  a second flow parameter. An approximation of 
t h i s  quant i ty  can be obtained from the  empirical  Arrhenius 
equation : 
i 
-9- 
. 
* Q = A exp (H, /RT) 
where 11 = v i s c o s i t y  (poises) 
A = constant  
R = gas constant 
A two-point p l o t  of logarithm r\ vs. will y i e l d  a 
s t r a i g h t  l i n e ,  the  s lope of which provides an average value 
of H,, , Figure 2. Normally, H h  = f (T) - t h e  dashed curves 
would be more representa t ive  of t he  expected experimental da t a  
i f  ava i l ab le .  Hence, a t  the melting po in t ,  t he  slope and 
corresponding H 
* * 
* 
would be smaller  than a t  lower temperatures. t\ 
* 25 
For most metals and ha l ides ,  H x  < 10 kcal/mole. The 
values  obtained from Figure 2 may the re fo re  appear t o  be * 
H 9  
t o o  l a rge .  However, t h e  Hh f o r  a glass-forming system i s  
general ly  l a r g e r  than t h e  same quant i ty  f o r  a non-glass- 
forming ma te r i a l  of a s imi l a r  c l a s s .  
* 
26 
A r e l a t i o n s h i p  discovered by w r i n g ,  which holds f o r  most 
l i q u i d s ,  can be appl ied t o  these da t a  t o  examine t h e i r  v a l i d i t y :  
* Hvap. /A GQ = 2.45 (5) 
where 
and 
AHvap = l a t e n t  hea t  of vaporizat ion 
b&., = free energy change f o r  viscous flow. 
The hea t  of vaporizat ion f o r  gold and s i l i c o n  a r e  82.0 and 
72.6 kcal/mole, respec t ive ly .  A weighted average can be use,d 
-10- 
i n  the  ca l cu la t ion  without introducing ser ious  e r r o r .  
For M F has been reported a s  88 kcal/mole. 
I n  t h e  case of A1203, which d i s soc ia t e s ,  a rough est imate  
of 
-4= n-r-..-: 28 
UL rvavraa aiid ass-ming that the vapor pressure a t  t h e  
'bo i l ing"  po in t  i s  one atmosphere. This gives  D Hvap f o r  
alumina as ,-u 216 kcal/mole. 
27 
g 2' A Hvap. 
AHvap. can be made by using t h e  vapor pressure da ta  
The f r e e  energy change for viscous flow, AG, # 
can be ca l cu la t ed  from: 
dG% = AH\ - T A  SQ 
* w h e r e  A H B L  = t h e  ca lcu la ted  R q  
The entropy change f o r  viscous flow, A S Z  , can be 
ex t r ac t ed  from equation (7)  : 
N h  -e 
V 
(7) 
where = ca lcu la ted  v i s c o s i t y  from t h e  growth 
r a t e  a t  T(OK) 
V = molar volume a t  T(OK) 
A H = ac t iva t ion  energy, 
- *  
H Q  
R = gas constant  
The molar volumes a re  based on the  d e n s i t i e s  of these  
-11- 
mate r i a l s  a t  t h e i r  c r y s t a l l i z a t i o n  temperatures when ava i lab le .  
The r a t i o  A Hvap/A G, t h u s  ca l cu la t ed  y i e lds  the values 
2.56, 2.23, and 2.15 f o r  A ~ ~ O ~ ,  %F2, and the  gold-s i l icon 
a l l o y ,  respec t ive ly .  A ca lcu la t ion  made f o r  B 0 based on 2 3  
= 2.57. These values 
29 experimental da t a  gives  4 H v a p l ~  G,
a r e  not  too f a r  d i f f e r e n t  from the  expected value of 2.45. The 
values of H ca lcu la ted  from Figure 2 a r e  the re fo re  reasonable. * T 
I t  would s e e m ,  then, t h a t  these f i lms  w e r e  indeed glassy a t  
low temperatures. On heating, d e v i t r i f i c a t i o n  apparently took 
p l ace  a t  a v i s c o s i t y  between l o 8  - 1013 poises .  Flow was not 
observed simply because of the adherence of these  t h i n  f i lms  t o  
t h e  s u b s t r a t e .  
Conclusions 
It  has been demonstrated t h a t  g l a s ses  may be formed by 
many methods o the r  than the  cool ing of a mel t ,  as  exemplified 
by the  case  of s i l i c a .  By extending t h i s  analogy t o  amorphous 
alumina, i t  can be s t a t e d  t h a t  t h i s  system may be glass-forming 
even though t h e  g lassy  s t a t e  has  not  been a t t a i n e d  by the  con- 
vent iona l  supercooling of the m e l t .  
For systems o the r  than Si02 ,  i f  c r y s t a l l i z a t i o n  r a t e s  a r e  
ava i l ab le ,  an approximate estimation of the  v i s c o s i t y  a t  t h e  
-12- 
I .  
l -  
* 
* 
c r y s t a l l i z a t i o n  temperature and the  corresponding H 
be made, t he  values of which appear t o  be compatible w i t h  
those d i r e c t l y  obtained f o r  common or " r e a l "  glass-forming 
systems. 
75 a/o A u  - 25 
For Si02, gross ly  d i f f e r e n t  techniques can lead  t o  
can % 
The systems described w e r e  Al2O3, %Fz, and a 
Si alloy. 
e s s e n t i a l l y  the same non-crystal l ine so l id .  Whether t h i s  
i s  general ly  t r u e  for other systems having normal coe f f i -  
c i e n t s  of thermal expansion must await f u r t h e r  study. 
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TABLE I 
Examples of Uncommon Non-crystalline Systems 
System Method of Preparation Reference 
Au-Si 
Te-Ge 
A1203 
ZnO 
Ti02 
B i  
Rapid "Splat" Cooling Duwez 
6 Condensation of Vapor Kingery 
Anodization Weiski rchner 7 
8 Reactive Sput ter ing Mickelsen 
9 
10 
Hydrolysis of Organics 
i n  Solution Krylova 
Condensation of Vapor Hilsch 
. 
. 
TABLE I1 
Comparison of the  Index of Refract ion and Density of 
Non-Crystalline SiO,, a s  Formed 13y Dif fe ren t  Methods 
Index of Density 
N o .  Method Refract ion ( g m ~ / ~ ~ )  Reference 
1 
2 
3 
4 
5 
6 
7 
8 
Conventional Melting 
Vapor Phase Hydrolysis 
Reactive Sput te r ing  
Deposition from 
Organic Solut ion 
Thermal Decomposition 
G l o w  Discharge Decom- 
p o s i t i o n  
Shock Wave Transfor- 
mation 
* 
Neutron Bombardment 
1.458 
1,458 
1.455 
1.40- 
1-45 
1,430 
1.456 
1-46 
1,458 
2.203 
2 . 202 
2.2 
-- 
-- 
-- 
2.22 
2.205 
11 Morey 
1 2  
Corning 
S i n c l a i r  
& Peters 13 
14 Schroeder 
K l e r e r  15 
Secrist & 16 
Mackenz i e  
DeCarli & 17 
Jamieson 
18 
P rimak 
* Dosage: 1.8 t o  3 x lo2' neutrons/cm 2 
followed by annealing a t  l l O O ° C ,  
I 
TABLE 111 
Unoccupied V o l u m e  i n  Various Fonns of S i 0 2  
S i l i c a  Glass 
Densified S i l i c a  Glass 
(Equil . ) 
Densified S i l i c a  G l a s s  
(Non-equil.) 
C r i s t o b a l i t e  
Quartz  
Coesi te  
% Unoccupied Volume 
Density Based on 100% 
( p s / c m 3  I Spherical  Packing Density 
2.20 31.6 
2.29 29.7 
2.62 
2.32 
2.66 
2.93 
18.5 
28.0 
17.5 
9.0 
. 
. 
TABLE IV 
Comparison of t h e  Index of Refraction and Density 
of Non-Crystalline Alumina with t h a t  of 
Crys ta l l ine  Alumina 
Method of Index of Density 
So l id  Preparation Refraction (qms/cc) Reference 
Non- 
c r y s t a l l i n e  
Non- 
c r y s t a l l i n e  
N o n -  
c r y s t a l l i n e  
C r y s t a l l i n e  
Anodization 
Condensatim 
of Vapor 
Deposition 
from Organic 
So 1 u t i  on 
olr -AI2O3 
as  grown 
1.59 
1 - 6 1  
1.61- 
1.65 
2 1  
3.1 Young 
2.9 6 
(% po- Kingery 
ros i ty )  
14 
Schroeder --- 
3 .97  Larson & 
22 
E = l .  760 
0=1.768 Berman 
*- 
TABLE V 
Viscos i t i e s  of Several  Systems a s  Calculated 
From Their Rates of C r y s t a l l i z a t i o n  
Au-Si 
A1203 
/u (cm/sec) T ( OK) 4 CALC ( p o i s e s )  
1 2  4 . 3  x 10 1 x 10 300 
5 . 5  x 10-l' 1173 11 4 x 10 
11 
5 . 5  x 10 -lo 573 1 .6  x 10 
. 
n 
i 
Figure 1 
Infra-red transmission of non-crystalline 
Si02 as prepared by different methods: 
A--- fused Si02; B--- Si02 from hydrolysis 
of (C2H50)4 Si; c--- Si02 from glow dis- 
charge decomposition of (C2Hs0)4 Si. 
* 
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